The Study to Improve the Field Homogeneity of the HTS Bulk Magnets for NMR Relaxometry Device by Passive Compensation Methods  by Kitamura, H. et al.
  Physics Procedia  58 ( 2014 )  298 – 301 
Available online at www.sciencedirect.com
1875-3892 © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the ISS 2013 Program Committee
doi: 10.1016/j.phpro.2014.09.074 
ScienceDirect
26th International Symposium on Superconductivity, ISS 2013 
The study to improve the field homogeneity of the HTS bulk magnets 
 for NMR Relaxometry device by passive compensation methods 
H. Kitamura, S.B. Kim*, N. Hayashi, D. Ishizuka, D. Miyazawa 
Graduate School of Natural Science and Technology, Okayama University, 3-1-1, Tsushima-Naka, Kita-ku, Okayama 700-8530, Japan 
Abstract 
In this paper, the compensation method to obtain the high field homogeneity (150 ppm/cm3) of compact NMR magnet was 
studied analytically. In order to improve the trapped magnetic field homogeneity of HTS bulk magnet, we used the packaged 
HTS bulk magnet consisted of HTS bulks annuli and 3 iron rings for field compensation. We could confirm that the target 
homogeneity of trapped magnetic field of HTS bulk magnet was achieved by the proposed passive compensation method.  
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Nuclear magnetic resonance (NMR) device has been paid attention in food, medicine and drag industries as useful 
tool for analyzing organic compound. The NMR signal resolution is improved by increasing the strength of 
magnetic field, and 1 GHz-class (23.5 T) NMR magnet wound with low temperature superconducting conductors 
such as NbTi and Nb3Sn has been already developed. On the other hand, a new type NMR magnet consisted of the 
stacked HTS bulk annuli (ring-shaped) where magnetic fields were trapped by field cooling (FC) method had been 
suggested and fabricated by Nakamura at RIKEN in Japan [1], [2]. Since magnetically charged HTS bulk magnet 
for NMR device does not need a power supply and additional coolant supply system. Therefore, it is not only 
compact but also more competitive. We have been developing a new compact NMR magnet using HTS bulk 
magnets [3-5]. However, it is difficult to trap the uniform magnetic field above 4.7 T (200 MHz-class NMR magnet) 
and field homogeneity under 0.01 ppm/cm3 at liquid nitrogen temperature (77.3 K) because of low Jc-B 
 
 
* S.B. Kim. Tel.: +81-86-251-8116; fax: +81-86-251-8259. 
E-mail address: kim@ec.okayama-u.ac.jp 
 014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the ISS 2013 Program Committee
 H. Kitamura et al. /  Physics Procedia  58 ( 2014 )  298 – 301 299
characteristics of HTS bulks. On the other hand, the strength and homogeneity of the magnetic field required for 
NMR relaxometry device are 1.5 T and 150 ppm/cm3 respectively. In general, the distribution and intensity of the 
externally applied magnetic field is trapped in the HTS bulk as it is. It is relatively easy to generate a magnetic field 
of 1.5 T with stacked HTS bulk annuli as a low background field at 77.3 K. However, it is still hard to obtain 150 
ppm/cm3 field homogeneity using the conventional SCM without any compensation methods as the magnetizing 
magnets. So, in this study, the passive field compensation method using the ring shaped irons was studied, and the 
shape and position of the iron rings were optimized to obtain the target field homogeneity using the 3D FEM based 
analysis. The packaged HTS bulk and iron rings are used for the magnet of NMR relaxometry device. In this study, 
the whole HTS bulks are trapped by FC method at 77.3 K. 
2. Superconducting magnet and homogeneity of the trapped magnetic field 
The superconducting solenoid magnet (JASTEC, Inc.) wound with low temperature superconductors (NbTi & 
Nb3Sn), and have a 100 mm room temperature bore size and 10 T was used in the experiments. The field 
homogeneity of our SCM is 610 ppm in the centre region along the r5 mm axial direction. To investigate the 
distributions of magnetic field in the SCM, the commercial software based on a FEM was used for analysis. The 
generated magnetic field properties of the SCM were exactly the same as the analytical SCM model (ID 300 mm, 
OD 530 mm and 200 mm height) as shown in Fig.1. Fig.1 shows the scaled schematic draws of analytical models 
for SCM and HTS bulk magnet. In this study, the current in the HTS bulk during the FC process were induced by 
the Bean’s critical state model and n-value model, and the trapped magnetic fields of HTS bulks were calculated by 
their currents. The calculated trapped magnetic field homogeneities per r5 mm in the z-axis and r-axis of HTS bulk 
as a function of thickness of it when the applied field was 1.5 T at 77.3 K and trapped by FC method were shown in 
Fig. 2. The spatial field homogeneities along both directions were improved with increasing the thickness of HTS 
bulk, but it is difficult to achieve the field homogeneity of 150 ppm/cm3 even the thickness of HTS bulk was 100 
mm. Therefore, the passive compensation method using multiple iron rings was investigated in order to obtain 1.5 T 
and 150 ppm/cm3 field homogeneity.  
 
 
 
 
 
 
 
 
 
 
 
 
3. Passive field compensation method using iron rings   
   The outer diameter of cryogenic container inserted in room temperature bore of SCM was 85 mm. So, the various 
iron rings with ID 80 mm, OD 84 mm, 13 mm and 20 mm heights and 2 mm thickness were prepared. Iron rings 
were symmetrically placed to the upper, bottom and central positions in the axial direction in order to compensate 
the magnetic field of SCM. The magnetic property of iron rings was shown in Fig. 3. The 20 mm height iron ring 
was fixed at the central position in the axial direction, and the position of iron rings located on the upper and bottom 
side was used as parameter to study the passive field compensation as shown in Fig. 4. The various positions of iron 
rings placed on the upper and bottom sides (patterns 1-4)  and the spatial field homogeneities at centre region (r5 
mm in the z-axis) with/without iron rings were listed in Table 1. Fig.5 shows the calculated magnetic field 
distributions along the z-axis with/without iron rings, and the normalized field error profiles using the value of 
magnetic field at the centre position in the z-axis as the reference value. The compensated magnetic field strengths 
Fig. 1. The scaled schematic draws of 
analytical models of SCM and various 
height of HTS bulk with ID 20 mm and 
OD 60 mm.  
Fig. 2. The calculated trapped magnetic field 
homogeneities of various thickness HTS bulks 
along the z-axis and r-axis as a function of 
thickness of HTS bulk when the applied field 
was 1.5 T at 77.3 K and trapped by FC method. 
Fig. 3. The magnetic property of the iron 
rings (Shin Nippon Steel : 35H210). 
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were decreased then 1.5 T because the applied magnetic field by SCM was concentrated in the iron rings, however 
the spatial field homogeneity at centre region was improved. The relatively high spatial field homogeneity was 
obtained by patterns 3 and 4, however we performed a detailed analysis to select the pattern 2 since there was a dent 
magnetic field distribution in patterns 3 and 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1Field homogeneity of single HTS bulks with various thicknesses by pattern 2  
The spatial field homogeneity of single HTS bulk with pattern 2 was studied analytically as a function of 
thickness of HTS bulk (50-100 mm). Fig.6 shows the calculated field distributions of SCM and SCM+pattern 2 and 
their field error profiles in the z-axis at 1.5 T applied field by SCM, and obtained the field homogeneity due to the 
various thickness of HTS bulk in the both axial and radial directions were shown in Fig.7. From Table 1 and Figs. 6, 
the externally applied magnetic field homogeneity was improved from 609.8 ppm to 66.5 ppm by passive field 
compensation method using pattern 2. The trapped magnetic field homogeneity was improved greatly by inserted 
iron rings with pattern 2 as shown in Fig. 7, and the trapped magnetic field homogeneity lower than 150 ppm/cm 
was obtained at the thickness of HTS bulk above 70 mm. When the thickness of HTS bulk was 80 mm, the field 
homogeneity was improved to 17.6 ppm. On the other hand, in the thickness of HTS bulk above 80 mm, the field 
homogeneity was decreased with increasing the thickness of HTS bulk due to magnetic interaction between HTS 
bulk and iron rings.  
 
 
 
 
 
 
 
 
 
 
 
3.2 Field homogeneity of single HTS bulk with 80 mm thickness by patterns 1-4  
The field compensation effects by iron ring positions (patterns 1-4) were investigated against 80 mm thickness 
single HTS bulk. Fig. 8 shows the calculated trapped magnetic field homogeneities in the z-axis and r-axis as a 
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Iron ring position (z-axis, mm) - r40 r51.5 r63 r74.5 
Field homogeneity of SCM (ppm/cm) 609.8 44.2 66.5 107.1 116.9 
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Fig. 4. The scaled schematic draw of the analytical 
models of SCM and various iron rings positions.  
Fig. 6.  The calculated (a) applied magnetic field profiles and (b) the field 
homogeneities of SCM with/without iron shimming along the z-axis at 1.5 
T applied. 
Fig. 7. The calculated trapped magnetic field 
homogeneities of various thickness HTS bulks in 
the z-axis and r-axis at 1.5 T applied. 
Fig. 5.  The calculated (a) applied magnetic field profiles and (b) the 
field homogeneities of SCM and various patterns in the z-axis at 1.5 T 
applied. 
Table 1. The calculated externally applied field homogeneity by the SCM and SCM+iron rings 
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function of iron ring positions at 1.5 T applied by SCM. From Fig. 8, the field homogeneities in both directions were 
improved below 150 ppm at each pattern, and the highest field homogeneity of 17.6 ppm was obtained at pattern 2. 
When the distance between the HTS bulk and iron ring was too long or too short, the field homogeneity was not 
good because their magnetic path. Therefore, the distance between HTS bulk and iron ring should be optimized to 
obtain the high field homogeneity.  
3.3 Optimized stacking numbers of HTS bulk with 80 mm overall-height by pattern 2 
The spatial homogeneity of HTS bulk magnet was improved by increasing the thickness of bulk. However, HTS 
bulk with 80 mm thickness is too big and it leads to bad cost-performance. Therefore, it is necessary to find a way to 
improve the spatial field homogeneity by decreasing the thickness of HTS bulk. In this study, the stacked HTS bulk 
magnet with various gap intervals between bulks was proposed. The overall height of HTS bulk magnet was fixed at 
80 mm and iron rings position was used in pattern 2. Fig. 9 shows the scaled schematic draw of the analytical 
models of SCM and stacked HTS bulks with 5 mm thickness as a function of number of bulks (10-15 ea). Fig. 10 
shows the calculated trapped magnetic field homogeneities of various numbers of stacked HTS bulks in the both 
directions when the applied field was 1.5 T. From Fig. 10, the field homogeneity was improved according to 
increasing the number of stacked HTS bulks, because the ability of trap field in HTS bulk was improved due to 
increasing the volume of HTS bulk and reducing the gap interval between bulks. The field homogeneity along the r-
axis was not good at the odd number of stacked HTS bulks since the 5 mm thickness HTS bulk was placed at the 
centre part of HTS bulk magnet. From this study, it is possible to obtain 134.8 ppm using 12-stacked HTS bulk 
(total thickness of HTS bulk is 60 mm) instead of 80 mm thickness single HTS bulk. 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 
We have been developing the NMR relaxometry consists of HTS bulk annuli and operating at liquid nitrogen 
temperature. The required magnetic field strength and homogeneity of NMR relaxometry are 1.5 T and 150 
ppm/cm3. In this study, the passive compensation method using iron rings was proposed in order to improve the 
field homogeneity of HTS bulk magnet for NMR relaxometry, and we obtained the 17.6 ppm/cm3 field homogeneity 
using the single HTS bulk with ID 20 mm, OD 60 mm and 80 mm thickness by proposed field compensation 
method when the applied field was 1.5 T at 77.3 K by FC method. In order to reduce the volume of HTS bulk, total 
height 80 mm stacked HTS bulks composed of multiple 5 mm thickness HTS bulks was studied analytically, and 
134.8 ppm/cm3 were obtained in 12-stacked HTS bulk magnet (total thickness is 60 mm). 
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Fig. 8. The calculated trapped magnetic 
field homogeneities of 80 mm thickness 
HTS bulk in the z-axis and r-axis by 
various patterns at 1.5 T applied. 
Fig. 9. The scaled schematic draw of the 
analytical models of SCM and stacked 
HTS bulks with various numbers. 
Fig. 10. The calculated trapped magnetic field 
homogeneities of stacked HTS bulks along the 
z-axis and r-axis as a function of numbers of 
bulks at 1.5 T applied. 
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